Abnormalities in dopaminergic neurotransmission are now accepted as factors in predisposing to ADHD. Evidence of associations between dopamine transporter gene polymorphism and ADHD was first reported by Cook et al. We confirmed the DAT1 association and also identified two additional susceptibility loci at the DRD5 and DBH. Notably, none of the associated variants at these three genes are known to be expressed. Other variants within or closely mapped to the associated alleles are likely to be relevant. In this investigation, we analyse additional markers creating a high-density map across and flanking these genes, and measure intermarker linkage disequilibrium (LD). None of the newly examined markers were more strongly associated with ADHD. At DAT1, the pattern of intermarker LD and haplotype association with the phenotype between exon 9 and the 3 0 of the gene suggests that the functional variant at DAT1 may be located to this region. For DRD5, three markers, covering a region of approximately 68 kb including the single DRD5 exon are all associated with disease, and thus do not provide localizing information. However, the data for DBH point to a region close to the centre of the gene. Correlation between D 0 and physical distance was observed between markers at DAT1 and DRD5 for distances less than 50 kb. This was not the case for DBH, where LD breakdown was observed between the intron 5 and intron 9 polymorphisms although they are only 9 kb apart. Further genetic analysis is unlikely to refine the location of susceptibility variants and functional assessment of variants within associated regions is required.
Introduction
Attention deficit hyperactivity disorder (ADHD) is a highly heritable, pervasive, heterogeneous disorder of early onset, consisting of a triad of symptoms of inattention, hyperactivity and impulsivity. It is a relatively common psychiatric disorder estimated to affect around 3-6% of school-aged children from different geographical regions. 1 ADHD causes marked educational, social and family difficulties for sufferers and their relatives and consequently leads to academic and occupational failure.
Imbalances in the transmission of the dopaminergic system have long been implicated in the aetiology of the ADHD. Evidence of linkage and associations between dopaminergic system gene polymorphisms and ADHD have been reported by Cook et al, 2 LaHoste et al, 3 Swanson et al, 4 Gill et al 5 and Daly et al. 6 The findings most often replicated are association of allele 2 (480 bp) of the DAT1 VNTR polymorphism and the 7-repeat allele of the DRD4 receptor. In addition, we (Daly et al 6 ) reported associations at two further dopamine-related genes. The first was a highly significant association between the 148 bp microsatellite (DRD5-PCR1) located 18.5 kb to the 5 0 of the DRD5 and ADHD. 6 This was subsequently replicated in a Turkish ADHD sample. 7 Barr et al 8 and Payton et al 9 observed a trend in the same direction in Canadian and British samples, respectively. The second reported association was with a TaqI polymorphism mapped to the fifth intron of dopamine beta-hydroxylase (DBH). This has been recently confirmed by Roman et al, 10 who observed a preferential transmission of allele 2 at the TaqI polymorphism to ADHD cases in 88 Brazilian families.
Linkage disequilibrium (LD), the nonrandom association between alleles at different loci, is a powerful alternative to linkage analysis for mapping and detecting genes with modest or minor effect.
Analysing multimarker haplotypes may provide more information on the evolutionary history of the studied populations and can greatly enhance LD mapping. 12 The existence of disequilibrium between alleles reflects the recombination history of the population within the particular segment of DNA. 13 Thus, newly arising variants are likely to show strong LD with the pre-existing haplotype. However, as a result of recombination, genetic drift, population admixture, the pattern of mating within a population and many other factors, LD relationships change over time and distance and can vary between different populations.
14 Historically, there has been an oversimplified assumption that LD declines or becomes weaker in relation to distance (between two DNA variants or between a variant and a disease-related allele). 13 However, there is an absence of consistent and reliable data on the pattern of LD in different chromosomal regions and in different populations. In the Irish context, marker-to-marker analysis of association conducted between adjacent microsatellite markers on chromosome 5, 6 and 8 showed significant association for 96% of all markers within 0.5 cM of each other, 67% within 0.5-1 cM, 35% within 1-2 cM, 15% within 2-4 cM, 8% within 5-10 cM and 7% over 10 cM. 15 This suggests that this population may have certain advantages in a positional cloning experiment. However, extensive LD would be a disadvantage for fine mapping of association, for example, at candidate gene loci.
With the exception of the 48 bp repeat at DRD4, none of the ADHD 'associated' polymorphisms have been shown to have a direct effect on their respective gene function. The polymorphisms are either located in noncoding regions (DAT1 and DBH), or are in nonexpressed sequences as in the case of DRD5. Thus, other variants at DAT1, DBH and DRD5 or even within genes closely mapped to the associated loci may be the true susceptibility variants contributing to the development of ADHD. We therefore sought to extend our original single marker findings to include additional markers at DAT1, DRD5 and DBH loci and to include an analysis of haplotypes, 16 in an effort to narrow down regions that may contain susceptibility variants.
Materials and methods
A total of 118 ADHD cases were recruited from child psychiatric clinics and schools in West County Dublin and from the Hyperactive and Attention Deficit Children's Support Group of Ireland. This sample was used in previous publications from this group and details of diagnosis and clinical criteria can be found in Daly et al 6 and Hawi et al. 17 The age range of the probands was between 5 and 14 years, with males accounting for 85%. The families were ethnically Irish with the exception of two families (in one, the father was Arabian and in the other the father was Croatian). Consensus diagnoses were made according to DSM-IV ADHD or UADD either with or without comorbidity. These diagnoses were based on all available clinical information 18 and the rating scales described below. The rating scales used were as follows: (1) DNA amplification PCR amplification and genotyping of polymorphisms at the DAT1, DBH and DRD5 genes were performed as described in Table 1 . All the microsatellite flanking markers were all Genethon markers. PCR amplification was performed on Omni gene for 30 cycles consisting of denaturation at 951C for 1 min, annealing for 1 min and extension at 721C for 1 min. An initial denaturing step at 951C for 3.5 min and last extension step at 721C for 5 min were also included. However, exon 9 (A-G) and exon 15(G-C) polymorphisms of DAT1 were amplified as were described by Grunhage et al 19 and Greenwood et al 20 DBH (exon 9) and DRD5 (1481) were genotyped using the restrictions enzymes MspI and AlwNI, respectively. Genotyping of the microsatellite markers was carried out either by including pa 32 and separating the resultant product on 6% polyacrylamide gels or by using the semiautomated flourescent method on an ABI 377 DNA sequencer. Two investigators independently scored all genotypes.
Statistics
In this study, we used the haplotype-based haplotype relative risk (HHRR) design to avoid any potential population stratification. In this method, the nontransmitted parental alleles are used as 'controls' for evaluating allele transmission. Alleles are identified as transmitted or not transmitted and tabulated accordingly. The w 2 test was used to assess the significance of the resulting tables. We also used the program TRANSMIT (www.hgmp.mrc.ac.uk/Menu/ transmit.html) to test for the transmission of multilocus haplotypes. This program also tests for the association between genetic markers and disease by examining the transmission from parents to affected children. Global P-values were calculated for multiallele markers combining alleles with frequencies o10%. The program GOLD (www.well.ox.ac.uk/ asthma/GOLD) was used to assess the strength of LD (expressed as D 0 ) between the studied markers at each region. Finally, several markers were used in this study, some of which had multiple alleles. All w 2 statistics and P-values were presented without correction for multiple testing.
Linkage disequilibrium mapping at DAT1, DRD5 and DBH Z Hawi et al
Results
Genotype distributions for ADHD cases and for parents showed no significant differences from the distributions expected according to Hardy-Weinberg equilibrium. HHRR analyses have been used to avoid possible population stratification. Where global Pvalues do not reach a nominal significance of 0.05, we would advise caution in the interpretation of individual allele significance tests. Further, the transmission disequilibrium test was applied to guard against the possibility of admixture that may affect HHRR analyses (data not shown). In addition, haplotype analysis (using the program TRANSMIT) generated a total of 224 haplotypes. However, owing to the space limitations, only those reaching a nominal significance of Po0.05 are presented. Interested readers can contact the authors for a full list of haplotypes and relevant data.
DAT1
HHRR analysis of the markers located at the DAT1 coding region (exons 9 and 15), noncoding (VNTR) and flanking microsatellite markers (D5S1981, D5S678 and D5S2005) in ADHD nuclear families is Linkage disequilibrium mapping at DAT1, DRD5 and DBH Z Hawi et al presented in Table 2 . The studied region spans approximately 164 kb, with the D5S1981 marker located 50 kb proximal to the DAT1 gene and D5S2005 distal to DAT1 gene (Diagram 1) http:// cedar.genetics.soton.ac.uk/pub/chrom5/gmap). However, in the Wellcome Trust website genome browser (ensembl.org/), the markers D5S678 and D5S2005 map at the 3 0 end of the gene, but D5S1981 some distance on the other side of the centromere. However, attempting to locate the primers for D5S1981 on the genome sequence fails, thus leaving the true location of this marker in some doubt. In addition to Increased but nonsignificant transmissions of allele 2 of exon 9, allele 6 of D5S678 and allele 4 of D5S2005 to ADHD were also observed. In contrast to our prior expectation, no association was detected with the markers in exons 9 and 15.
Analysis of haplotypes is presented in Table 3 . Increased transmission of the haplotype, constructed from allele 2 (480 bp) of the VNTR and allele 3 of D5S1981 to ADHD was observed (w 2 ¼ 12.37, P ¼ 0.00044; global w 2 ¼ 21.3, 13 df, P ¼ 0.067). Similar but slightly less transmission of the haplotype, constructed from allele 2 (480 bp) of the VNTR and allele 6 of the D5S678, was also observed (w 2 ¼ 5. Table 4 ). In addition to the reported association of the 148 bp allele (allele 6 of the DRD5-PCR1) to ADHD cases, 6 we observed association with allele C (DRD5-1481) (w 2 ¼ 6.76, P ¼ 0.0093). A weak association with allele 4 at D4S1582 w 2 ¼ 4.34, P ¼ 0.037) was also observed. The results of haplotypes analysis are presented in Table 5 . Significant excess transmission of the haplotypes 2-6 (made up of the 148 bp allele at the marker DRD5-PCR1 and allele 2 (C variant) at the DRD5-1481) to the ADHD cases was seen (w 2 ¼ 14. 
DBH
As previously reported, 6 the intron 5 (TaqI) polymorphism shows highly significant association with ADHD (w 2 ¼ 9.0, P ¼ 0.0027, RR ¼ 1.38). HHRR analysis of three additional markers mapping to the Linkage disequilibrium mapping at DAT1, DRD5 and DBH Z Hawi et al promoter region (GT repeat), exon 2 (EcoNI polymorphism) and intron 9 (MspI) of the DBH gene is presented in Table 6 . A slight increase in the transmission of allele 2 of the exon 2 polymorphism was observed, but was not statistically significant (w 2 ¼ 0. Relationship between LD and physical distance Figure 1 plots the relationship between D 0 and intermarker distance in kilobase for each locus and Haplo no=number of the tested haplotypes.
Linkage disequilibrium mapping at DAT1, DRD5 and DBH Z Hawi et al for the combined data. For DRD5, a linear relationship fits the data best (r 2 ¼ 0.63). For DAT1, a log relationship fits best (r 2 ¼ 0.64). There is no significant relationship at DBH. Taken together, there is a relationship between D 0 and physical distance, but this is only apparent below 40 kb.
Discussion
Association studies based on case/control or family designs are thought to be more powerful than linkage methods in detecting genes contributing to complex diseases. 11 However, positive findings have not been consistently replicated, even within candidate genes. These studies largely depend on the likely presence of LD between adjacent markers and between the markers and disease susceptibility variants. Currently, reliable data on genome-wide and population-specific LD are not available. Studies suggest that LD may extend from as little as 5 kb to as much as 4 Mb depending on chromosomal location and study population. A recent work has shown that LD is irregular on the chromosomal scale and in a markerdensity-independent fashion, with chromosome 2, 15 and 18 being significantly different from the average. 21 Daly et al 22 and Goldstein 23 have suggested that the pattern of LD is highly structured with stretches of consistently high LD interspersed with short intervals of rapid breakdown. We 6 previously reported highly significant excess transmissions of alleles at DAT1, DRD5 and DBH to ADHD cases. We now present analyses of additional markers creating a high-density map across and flanking these genes. Some of the additional markers also show preferential transmission to ADHD cases. The patterns of associated markers and haplotypes provide some information as to the likely position of the true functional variants for DRD5 and DBH, but not for DAT1 (Tables 2-6 ).
DAT1
For DAT1, haplotype analysis (Table 3) provides some additional information that may be helpful. All twomarker and three-marker haplotypes that are significantly associated with disease contain the VNTR. For example, the haplotype made up of allele 2 (480 bp) of the VNTR and allele 3 of D5S1981 is more strongly associated with ADHD (w 2 ¼ 12.37, P ¼ 0.00044) than either of the individual marker alleles. Heinz et al 24 showed differences in binding of a radiolabeled DAT1 ligand between individuals homozygous for allele 2 (480 bp) and those heterozygous for this allele. Individuals homozygous for allele 2 (480 bp) showed greater DAT1 availability, and it is this allele that we 6 and others have found to be associated with ADHD. A closer look at the LD relationship between DAT1 markers is warranted. Daly et al 22 and Goldstein 23 have suggested that the pattern of LD is highly structured with stretches of constantly high LD interspersed with short intervals of rapid breakdown. In the first of these studies, a region of 500 kb was divided into 11 regions of consistently high LD blocks with 10 regions of low LD. If this is the case, those planning association studies might reasonably try to reduce the number of markers that need to be tested with reference to known LD patterns. Specifically, a smaller number of markers may suffice within a region of high LD. However, our DAT1 data show the VNTR to be strongly associated with ADHD while the exonic markers, in LD with the VNTR, nevertheless, do not show association with disease. This is difficult to explain and if true, may have serious consequences for the interpretation of candidate gene association studies. Interestingly, previous analysis of LD between markers at the DAT1 locus suggested two regions with markers being in strong LD with each other; exons 1-8 and 9-15. 19, 20 However, it was indicated that the two regions were not in LD with each other, whereas our data show that markers D5S1981 and D5S2005, on opposites sides of the exon 8/9 divide are indeed in weak LD with each other (D 0 ¼ 0.24, P ¼ 0.013).
DRD5
For DRD5, the pattern of association of individual markers with ADHD and their LD relationships is more straightforward than for DAT1. Three markers covering a region of approximately 68 kb, including the single DRD5 exon, are all associated with disease. The remaining marker D4S2928 at the proximal end is outside the associated region, but as yet we have not identified the distal edge of the region. Marker D4S1582 was originally mapped to the distal end of the gene (the 3 0 end), but its position was later revised to the 5 0 end of the region as indicated in Diagram 2. Analysis of haplotypes and LD relationships are consistent with individual marker data (Tables 4  and 5 and Diagram 2). A haplotype made from alleles of DRD5-PCR1 and D4S1481 was strongly transmitted to ADHD children (w 2 ¼ 14.208, P ¼ 0.00017). The two markers are separated by approximately 22 kb, and this segment includes the coding region of DRD5. However, because the marker D4S1582 was originally mapped to the distal end of the gene (the 3 0 end) but its position is now revised to the 5 0 end, we cannot rule out the possibility that another gene(s) down stream of the 3 0 end of the DRD5 is a source for the association with ADHD.
DBH
Four markers were investigated in and around the DBH gene covering 21.8 kb. No distortion in the transmission of the newly tested markers was observed. LD was detected between the first three markers (spanning from the promoter region to intron 5), but was absent between the third (intron 5) and the fourth (intron 9) although they are situated only 4.5 kb apart. Interestingly, there is weak but significant LD between the second marker (exon 2) and the fourth (intron 9), and strong LD between the second and the third (intron 5). In contrast to DAT1 and DRD5, D 0 and physical distance at DBH does not appear to be correlated. However, other studies have also shown a lack of correlation between LD and physical distance in regions under 100 kb. 25 Thus, there may be a recombination hot spot within the gene between introns 5 and 9. Taken together, our current data point to a region close to the centre of the gene as containing the true susceptibility allele.
LD and physical distance LD in a given population can vary as a consequence of natural selection, population admixture, genetic drift and many other factors. 13 So far, there are insufficient data to determine the pattern of LD throughout the genome, not least in a population-specific analysis. The physical extent of LD will depend on the population size, history and local recombination rates. 21 Generally, at least over short distances, it has been assumed that there is a linear relationship between LD and physical distance in the human genome. In the Irish population, marker-to-marker analysis of association was supportive of this assumption. Kendler et al 15 in a study of microsatellite markers on chromosomes 5, 6 and 8 observed significant association for 96% of marker pairs within 0.5 cM of each other. The number of marker pairs in association substantially decreased with an increase in genetic distance. In this study, we found a correlation between D 0 and physical distance between markers for DAT1 and DRD5 (Figure 1 ) for distances within 50 kb. However, this is not the case for DBH where LD breakdown was seen between the introns 5 and 9 polymorphisms, although they are only 9 kb apart. Others have also noticed weak or absent LD across the DBH gene (P Sklar, personal communication). None of the associated variants with ADHD at DAT1, DRD5 and DBH genes are expressed or known to alter protein sequence, which may affect function. Thus, it is possible that other variant(s) within or closely mapped to the associated alleles that are in LD with them are likely to be the susceptibility variants for ADHD. It is also possible that the studied variants have some, as yet unknown, functional effect on the respective genes. This is most likely for the VNTR at the DAT1 locus, as all associated haplotypes contain this variant.
Future work using LD analysis Systematic searching and testing every single SNP in a candidate region is a costly approach and may be avoidable under some circumstances. LD analysis on chromosome 5q31 in an European-derived population 22 indicated that variants at blocks of 10-100 kb can combine to form a small number of frequent haplotypes, which accounts for up to 80-90 of all haplotypes. This was also the case for a Canadian population where small numbers of common haplotypes were observed within the regions of the cytokine gene cluster on chromosome 5q31. 22, 25, 26 In addition, a maximum of five SNPs were used to capture all of the common variants at the ATM, LCT, ACE, MC1R and APOE loci. 25 Predetermination of haplotype structure and subsequent selection of appropriate markers could significantly reduce the number of genotypes required to investigate a candidate region for a common disease. Association analysis to narrow down a region of interest should, therefore, start with the identification of these haplotypes and if a true risk allele exists in a candidate region, it is likely to hitch-hike on one of these haplotypes. But the very presence of extended regions of LD would not help in the process of identification of a true susceptibility variant within a defined region, or within a gene, as all tested markers may be similarly associated with the disease phenotype. It has to be concluded, however, that the information produced in this study and in previous investigations of the same genes is insufficient to identify true disease susceptibility variants. It is not clear if adding additional marker genotypes to the analysis and creating increasingly dense haplotypes will provide enough genetic information to locate the causative variant(s). Additionally, it is possible that the complex relations between ADHD and each of these loci might be explained by allelic heterogeneity, rather than each gene harbouring a single susceptibility allele. Assessment of all variants might be required to determine which model is correct, but ultimately, functional analysis will be necessary to prove an aetiological effect for a given variant or combination of variants.
